To visualize the external world, photoreceptors receive light stim- Blindness caused by the disconnection between photoreceptor cells and the brain can be cured by restoring this connection through the transplantation of retinal precursor neurons. However, even after transplanting these cells, it is still unclear how to guide the axons over the long distance from the retina to the brain. To establish a method of guiding the axons of transplanted neurons, we used the Drosophila visual system. By testing different conditions, including the dissociation and preincubation length, we have successfully established a method to transplant photoreceptor precursor cells isolated from the developing eye discs of third-instar larvae into the adult retina. Moreover, we overexpressed N-cadherin (CadN) in the transplant, since it is known to be broadly expressed in the optic lobe well after developmental stages, continuing through adult stages. We found that promoting the cell adhesive properties using CadN enhances the axonal length of the grafted photoreceptor neurons and therefore is useful for future transplantation. We tested the overexpression of a CadN::Frazzled chimeric receptor and found that there was no difference in axonal length from our wild-type transplants, suggesting that the intracellular domain of CadN is necessary for axonal elongation. Altogether, using the Drosophila visual system, we have established an excellent platform for exploring the molecules required for proper axon extension of transplanted neuronal cells. Future studies building from this platform will be useful for regenerative therapy of the human nervous system based on transplantation.
| INTRODUC TI ON
To visualize the external world, photoreceptors receive light stimuli and convert them into electric signals. These electric signals are transformed into chemical signals at the synaptic connections between the neurons, but are again converted into electric signals when they run through neuronal axons. Thus, the information that neurons receive at the periphery is transmitted to the central nervous system through several neural connections. After parallel processing, which mainly takes place in the visual cortex, the derivatives of the initial external light stimuli are perceived as "vision." In most animals, the photoreceptors and visual cortex are separated and connected by neurons with long axons. When the photoreceptors and visual cortex are disconnected, neuronal transduction is interrupted and vision is lost. To regain vision in such cases, the neurons must once again extend the axons and form synapses in the brain to recreate the connection. It has been widely conceived that transplantation is currently the most feasible cure for blindness caused by the degeneration or death of the neurons that connect the eye and brain. This is why the recent discovery and improvement of iPS stem cells shed light on the blind who hope to restore their vision by transplanting the neurons that reconnect the eye and brain. (MacLaren et al., 2006; Venugopalan et al., 2016) . These transplanted RGCs extended both axons and dendrites and responded to light stimulation. However, the extension of the axons seemed to be limited and the orientation of the axon growth was uncoordinated in most cases, although preliminary data found that one of the transplanted neurons extended axons into the brain.
Transplanting optic nerves in mammals is difficult because of external inhibitory mechanisms that prevent long-distance axon repair (Yiu & He, 2006) and the intrinsic regenerative ability of the optic nerve is highly restrictive (O'Donovan, 2016) . There are several barriers for axon extension, such as physical obstruction, including optic chiasms, inhibitory molecules secreted from glial cells, and the formation of injury-induced scars (Crair & Mason, 2016) .
The advantage of using the Drosophila visual system for analyzing axon extension after transplantation is that there is little hindrance, such as scars, on the way to the brain. In addition, Drosophila photoreceptors extend long axons toward the optic lobes, which are simple compared to mammals, but still have enough functional and fine neural structures. Many molecules required for axon guidance and/or extension of the Drosophila visual system have been reported (Hakeda-Suzuki & Suzuki, 2014; Russell & Bashaw, 2017) . By using genetic tools, we can easily manipulate these genes and perform screenings to find the appropriate conditions for transplantation.
Thus, the Drosophila visual system seems to be very useful, however, as of yet, there have been no reports of retinal precursor cell transplantation in the retina of adult flies.
The molecules that contribute to axon extension can be classified into four types: (a) cell adhesion molecules, which promote axon extension by binding to surrounding tissue; (b) attractive axon guidance molecules secreted from target cells; (c) repulsive axon guidance molecules, which prevent axons from extending in an undesired orientation; and (d) cytoskeletal molecules, such as actin or tubulin. N-cadherin (CadN), a cell adhesion molecule, is a transmembrane protein that interacts in a homophilic manner through its ectodomains. CadN has been shown to be required for proper axonal extension. In vertebrates, CadN is expressed from the beginning of development and is essential for correct axon wiring (Suzuki & Takeichi, 2008) . It is also known that one of the members of the cadherin super family, protocadherin, mediates axon extension by forming axon fascicles composed of the same type of neurons (Hayashi et al., 2014) . CadN is also a key molecule for neuronal wiring in invertebrates. In Drosophila, the connection mediated by CadN is required for proper formation of the larval central nervous system (Iwai et al., 1997) and for photoreceptor axons to recognize target neurons (Lee, Herman, Clandinin, Lee, & Zipursky, 2001 ). These reports strongly support the idea that CadN is widely involved in neuronal development by interacting with surrounding tissues.
In this study, we first established a method to transplant photoreceptor precursor cells into the adult Drosophila retina. As it is unknown whether CadN can promote axon extension into an adult brain that has already completed neuronal wiring, we next assessed CadN function by transplanting photoreceptor precursor cells overexpressing CadN. Furthermore, we also created a photoreceptor precursor cell that expresses a chimeric protein of the CadN extracellular domain and the Frazzled (Fra) intracellular domain, which works as a receptor of the attractive cue, Netrin (Harris, Sabatelli, & Seeger, 1996) . By overexpressing it in the transplant, we hoped that the chimeric protein would Taken together, we have established an excellent platform for exploring the molecules required for proper axon extension of transplanted cells using the Drosophila visual system. We have found that promoting cell adhesive properties using N-Cad enhances axonal length and therefore is useful for future transplantation. Future studies building from this platform will be useful for regenerative therapy of the human nervous system based on transplantation.
| MATERIAL S AND ME THODS

| The initial protocol for transplantation
The GMR-myr-GFP fly was obtained from Bloomington stock center (#7110). Third-instar larvae were washed with EtOH and dissected in the Schneider's medium (Gibco) with 10% FBS (Gibco) and 2%, pen-strep (Gibco). Eye discs from 20 to 30 larvae were transferred to the 1.5-ml tube and treated in the hood.
The eye discs were washed three times with Rinaldini solution (8 mg/ml NaCl, 0.2 mg/ml KCl, 0.05 mg/ml NaH 2 PO 4 H 2 O, 1 mg/ ml NaHCO 3 , 1 mg/ml glucose, 1%(vol/vol) penicillin/streptomycin in ddH 2 O). After washing, 1 ml of Rinaldini solution was added with 1 mg/ml collagenase and then incubated for 30 min at glass capillary (HARVARD) was pulled once at 62°C using PC-10 puller (NARISHIGE). A tip of a glass capillary was grinded using Microgrinder EG-400 (NARISHIGE). A fly was immobilized to a glass slide using Parafilm as described in Figure 1 . The cell cluster of 20-30 μm in diameter was sucked into a glass capillary and injected into the cleft between the eye and the antenna using pneumatic injector IM-12 (NARISHIGE) under the microscope (Axio Plan 2 (ZEISS)).
| The established protocol for transplantation
The GMR-myr-RFP fly was obtained from Bloomington stock center (#7120). After sterilizing all the equipment with 70% EtOH, third-instar larvae were washed with PBS and dissected in the PBS. Eye discs from 20 to 30 larvae were transferred to the 1.5- another glass slide which has a hole (15 mm in diameter) using silicon adhesive). The hole was covered with a cover glass coated with concanavalin A (Wako) sealing with Vaseline. The chamber was placed with the cover slip down and incubated for 1.5 hr at 25°C in the dark to let the cells stick to the cover slips. Then, the chamber was turned over and incubated for 3.5 hr at 25°C before transplantation.
A glass capillary was prepared as described for initial protocol.
A fly was immobilized to a glass slide using Parafilm. The cell cluster of 20-30 μm in diameter was sucked into a glass capillary and injected into the eye using Microinjector IM-9B (NARISHIGE) filled with Halocarbon oil 700 (Sigma) under the microscope (Axio Plan 2 (ZEISS)).
| The observation of the transplanted fly
The flies were kept at 25°C for 3 days after transplantation. The proboscis and legs were removed from the flies in 0.1% PBT, and flies were fixed overnight with 4% formaldehyde at 4°C. The flies were washed with PBT for 30 min and embedded in 6% agar of low melting temperature (Nacalai tesque) (Figure 1g ). The experimental procedures for agarose section, fixation, and immunostaining were as described previously (Hakeda-Suzuki et al., 2011) .
The following antibodies were used for immunohistochemistry: 
| Molecular biology
The plasmid for CadN::Frazzled chimeric protein was created using following primers. 
| RE SULTS
| The transplantation from the larval eye disc to the adult brain
To obtain the cells for transplantation, we first tried to use a glass micropipette and insert it into third-instar larval eye discs ( Figure 1a) and suck the cells out directly. However, the adhesion between the cells was so strong that we could not get a cell cluster of the proper size. To solve this problem, we applied collagenase to detach the cells according to the method for primary cell culture explained in (Egger, Van Giesen, Moraru, & Sprecher, 2013) . In this way, the cell cluster of the desired size (20 μm) was successfully isolated (Figure 1b 
| Establishment of the protocol for transplantation
We speculated that the problem with the existing protocol resided in the way the primary cells were cultured, which caused major damage. To overcome this problem, we applied the protocol for generating primary cell cultures of embryo written in (Sánchez-Soriano et al., 2010) to larval eye disc (Figure 3a-d) . The steps we changed from the initial protocol are listed in Table 1 . The critical points are:
1. Washing the larvae before dissection with PBS, not ethanol.
2.
There should be 20-30 eye discs per culture.
3. The eye discs should only be homogenized 15-20 times, not more or the cell cluster will be too small.
Use a hydraulic microinjector (operated by the pressure of liquid)
with low viscosity oil (700 cps) instead of a pneumatic injector (operated by the pressure of air).
5.
Section the injected sample after fixation at 4°C overnight.
The complete new protocol is described in Section 2.
Since autofluorescence in the sectioned eye was higher in the green channel, the donor strain was changed to GMR-myr-RFP (Figure 3b ). With this new protocol, we found that the ratio of samples that contained RFP-positive transplanted cells (Figure 3e ) improved to 64.3% (n = 56). The cell shape was also maintained, and each cell could be recognized (Figure 3e ). These results suggest that the method was improved, with less damage to the donor cells during the preparation.
We observed 56 eye transplants from control flies and 36 of them contained the visible transplanted cell cluster. Fifteen of them possessed the axon-like structure, while 21 did not. The longest protrusion was 36.2 μm, with an average length of 12.0 μm (Figure 3f ), which was shorter than the length obtained from the initial protocol. One possible explanation is the fibrous structure found with first protocol included the structure of the retina, as we could not detect roundish cell bodies in such case. Another explanation is that differentiation was more promoted with the first protocol and the cells managed to elongate the axon-like structure in consequence.
Another problem found in the second protocol was that the axons often pointed in the opposite direction to the brain, suggesting that an intrinsic factor is not enough to guide the axon in the direction to the brain. Nevertheless, we concluded that we had successfully established the transplantation protocol since the detection rate of the transplanted cells was dramatically improved, although there is still some room for improvement.
| CadN overexpression promotes axonal extension in the transplants
To further promote the axonal extension observed in the wild-type (WT) photoreceptor precursor cell transplants, we tried to transplant precursor cells overexpressing CadN using the Gal4-UAS system ( Figure 4) . CadN is one of the few membrane proteins that is continuously expressed throughout all developmental stages and even in the adult optic lobe. To further promote axonal extension, we rationalized that it would be necessary to facilitate the interaction between the axon and surrounding tissue. We expected that, by expressing CadN on the axonal membrane, axons would adhere stronger with surrounding tissue, such as the cell surface of retinal cells and optic lobe neurons, and the stronger adhesion would further promote axonal extension.
As we expected, in the CadN-overexpressed transplants, axonal extension was further promoted, resulting in a maximum length as long as 218 μm, with an average of 55.2 μm (Figure 4d ). Because the average axonal length was 12.0 μm in the WT transplantation, CadN overexpression was effective in promoting axonal extension.
However, we found that 40% of the axons were oriented in the opposite direction, indicating that we still were not able to control the direction of axonal outgrowth and pathfinding.
The axons that sprouted from the transplanted photoreceptor cell bodies were successful in reaching the lamina layer that is Fortunately, we found one case out of 20 in which the axon successfully extended into the lamina in the CadN overexpression
transplants. It appears that the axon was able to break into the condensed part of the lamina where cell bodies are tightly packed (Figure 4c ). Considering that we found only one case in which the axon managed to enter the lamina, it appears that there might be a physical barrier between the retina and lamina; however, we still do not know how to efficiently overcome this barrier.
| N-cadherin::Frazzled overexpression does not promote axonal extension in the transplants
To further promote axonal extension, we transplanted cells which express the CadN::Fra chimeric receptor (GMR-myr-RFP;
GMR-Gal4/UAS-CadN::Fra). We were able to identify these cells as efficiently as those overexpressing CadN ( Figure 5) ; however, the average length of the axons was 13.6 μm, which did not differ significantly from the 12.0 μm of the WT transplant (Figure 5c ). This suggests that the intracellular domain of Fra does not function as an attractive axon guidance receptor as we initially assumed, but rather something different. This result also suggests that the extracellular domain of CadN is not sufficient to promote axonal extension, and it also requires the intracellular domain. These observations suggest that axons elongate by searching for physical space.
| D ISCUSS I ON
| Establishment of the transplantation protocol
We have established an original protocol to transplant photoreceptor precursor cells into the adult retina of Drosophila. There was a difference in the shapes of the transplanted cells between the first and second protocol. In the first protocol, we observed a long fibrous structure. As this structure was not found in the control fly that had been injected only with the culture medium, the structure was not because of the manipulation. The expression of GFP indicated that these were GMR-positive cells, which included not only photoreceptors, but also pigment or bristle cells. We assume, however, that the fibrous structures were photoreceptors, because some of them were positively costained with the antibody mAb24B10, which labels the photoreceptor cell membrane. The observed fibrous structure may be the rhabdomere or a bundle of photoreceptor axons, as the diameter was much thicker than a single axon.
The problem with the first protocol was the low survival rate of the injected cells. To overcome this problem, we tried to improve the protocol by testing different conditions. Changing the method We therefore managed to elongate the culture time before transplantation from 2 to 5 hr. As a result, the survival rate after transplantation was much higher, probably because the cells had more time to recover. One problem is that the axons were not able to enter the lamina. Since we expected it might be improved by transplanting into younger flies, and since the tissues get firmer with age, we chose the youngest flies for the second protocol. However, we found only a single case that an axon managed to enter the lamina. This result indicates that developmental stages of the host flies improve the survival rate after transplantation but it does not dramatically help the axons to innervate lamina.
The other problem is that the cells were less integrated in the retina with the second protocol compared to the first protocol, Although Netrin and its receptor Fra have long been regarded as attractive molecules, it was recently reported as an attachment stabilizer in Drosophila (Akin & Zipursky, 2016) . Indeed, the Netrin mutant has only a mild phenotype in the Drosophila visual system. Additionally, transmembrane receptors that are thought to guide axons, such as LAR and Ptp69D, turned out to also be stabilizing axons at the attachment site (Hakeda- Suzuki, Takechi, Kawamura, & Suzuki, 2017) . These indicate that an attractive guidance cue has not been identified in the Drosophila visual system. Therefore, we must rely on contact-mediated adhesive cues that guide axons along a path without directional information. Thus, it is still unclear how axons know which way to extend in the Drosophila visual system. Future experiments should investigate whether photoreceptor axons only detect short-range adhesive cues, such as CadN, and become stabilized by attachment stabilizing factors at the target layers, such as Fra, LAR, and Ptp69D.
How to make the axons enter the lamina has not been solved.
The transplanted cells were surrounded by photoreceptor cell bodies and the axons from them seemed to extend through the space created by the needle used for the injection. Although there were no scars created in injured nervous system of Drosophila, it is still necessary to find the molecule to push the extension vigorously.
The candidates are (a) Pten signal, which promoted the regeneration of sensory neuron in Drosophila (Song et al., 2012 ) (b) the RNA processing enzyme Rtca. The molecule is known to suppress the axon extension by downregulating the RNA repairing and splicing (Song et al., 2015) . We expect knocking down of the Pten and/or Rtca in donor cells will promote the axon extension of the transplanted cells.
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